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Abstract
The detection of exclusive processes induced by antiproton beams in the GeV range
at PANDA(FAIR) opens possibilities for testing QCD predictions on the nucleon
structure. In particular, the measurement of electromagnetic nucleon form factors
through the proton-antiproton annihilation in a lepton pair can be studied. However,
other processes, although interesting by themselves, play the role of background. We
will focus on two examples: an ’electromagnetic process’, the S-channel annihilation
of proton and antiproton into a neutral pion and a virtual photon (followed by lepton
pair emission) and a possible mechanism for the production of kaon and pion pairs,
through physical vacuum excitations.
1 Introduction
Antiproton reactions are considered a privileged tool for QCD studies, due to the large gluonic
content involved in the interaction with other hadrons. Annihilation processes give unique
information on the qq¯ interaction. Electromagnetic final channels, such as p¯+p→ e++e− are
described in terms of time-like form factors, which are complex functions of one variable, the
total energy squared s = q2. The accessible kinematical region corresponds to s ≥ 4M2 = 3.5
GeV2 (M is the proton mass). It has been suggested in Ref. [1] that one may reach smaller
s values, (the ’unphysical region’), with three-body reactions, such as p¯+ p→ e+ + e− + π0,
which sensitivity to nucleon electromagnetic and axial FFs has been previously studied [2],
through a mechanism denoted the ’scattering channel exchange’ (Fig. 1a,b). In this talk we
discuss another reaction mechanism, the ’annihilation channel exchange’ through s-channel
vector meson exchange (Fig.1c). This one can be considered a physical background, which
relative contribution may be evaluated as follows. The cross section for ’annihilation’ channel
is dσa ∝ 1/s while, extrapolating the Regge behavior, dσs ∝ 1q2
(
s
M2
)2[αp(q2)−1]
. Here q2 is
the transferred momentum, αp(q
2) is the Regge trajectory of the proton: αp(q
2) < 1/2 for
negative values of q2. At large scattering angles q2 ∼ s, therefore one expects a small ratio:
dσs
dσa
∝
(
s
M2
)2[αp(q2)−1]
≪ 1. (1)
We calculate the s-channel differential cross section, in the framework of the Born approxi-
mation, to be compared with previous estimates of the ’scattering’ channel.
The p¯p annihilation into a hadrons has a much larger cross section than the annihilation
into electromagnetic channels. We suggest a particular mechanism of production of kaon and
pion pairs, in the threshold region, where L = 0, through excitation of physical vacuum. The
meson production in p¯p annihilation occurs through the rearrangement of the constituent
quarks. Selection rules require that J = 1, so the π+π− final channel originates from the 3S1
state. As the strange quark content of the proton is very small, kaon production is forbidden
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Figure 1: Feynman diagram for p¯+ p→ e+ + e− + π0 (a) and (b) in t-channel (’scattering’);
(c) in s-channel (’annihilation’).
through such a mechanism. However, a kaon pair can be produced from the excited vacuum.
In this case, a singlet state, 1S0 can produce any pair of current quarks (uu¯, dd¯ or ss¯ with
equal probability), which, after interacting, become observable as mesons [3].
2 The reaction p¯ + p→ γ∗ + π0
Let us consider the reaction (Fig.1):
p¯ (p−) + p (p+)→ γ∗ (k) + π0 (ppi)→ e+ (k+) + e− (k−) + π0 (ppi) , (2)
where the four momenta of the particles are indicated in parentheses. Figs. 1a,b correspond
to the ’scattering channel’ which contains information on the electromagnetic proton FFs,
whereas Fig. 1c illustrates the s-channel exchange of a vector meson V , V = ρ, ω, φ, of
interest here.
The general expression of the matrix element, corresponding to the diagram of Fig. 1c, is:
M = 4παGV piγ∗
e
ǫµνρσq
ρkσ
k2 (q2 −M2V + iMV ΓV )
J µp J νe , (3)
where e =
√
4πα is the elementary electric charge (α ≈ 1/137), MV and ΓV are the mass and
the total width of intermediate vector meson V . The lepton electromagnetic current and the
current related to the V pp¯ vertex have a standard form
J νe = u¯(k−)γνv(k+), J µp = v¯(p−)ΓµV u(p+), (4)
with
ΓµV = F
V
1
(
q2
)
γµ +
σµνqν
2M
F V2
(
q2
)
=
[
F V1
(
q2
)
+ F V2
(
q2
)]
γµ +
∆µ
2M
F V2
(
q2
)
, (5)
where σµν = (−1/2) (γµγν − γνγµ), and ∆ = p− − p+. In principle, all vector mesons may
contribute to the intermediate state. However, the contribution of intermediate ω-meson is
expected to be dominant.
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Figure 2: GV piγ∗ as function of q
2 from
Nambu-Jona-Lasinio model (black, solid
line), monopole (dashed line) and dipole
(dotted line) dependences.
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Figure 3: Bidimensional plot of the cross sec-
tion as a function of the pion CMS energy
and angle, at fixed total energy s = 7 GeV.
For ω-exchange, one finds the following expression for the double differential cross section:
d2σ
dEpid cos θpi
= σ0
E3pi
(
2− β2 sin2 θpi
)
s (s+M2pi − 2Epi
√
s)
, (6)
where cos θpi = cos θpi, β =
√
1− (4M2)/s and the coefficient σ0 which has the dimension of
cross section is factorized out:
σ0 =
G2ωpiγ∗ (s)α |F ω1 (s)|2 s2
26π33β
[
(s−M2ω)2 +M2ωΓ2ω
] . (7)
The energy distribution of the final pion is:
dσ
dEpi
=
1∫
−1
dcpi
d2σ
dEpid cos θpi
= σ0
4E3pi
s(s+M2pi − 2Epi
√
s)
(
1− β
2
3
)
. (8)
The angular distribution has the form
dσ
d cos θpi
=
√
s
2
(
1+
M2pi
s
−
4m2e
s
)
∫
Mpi
dEpi
d2σ
dEpid cos θpi
=
σ0
16
(
2− β2 sin2 θpi
)(
ln
s
4m2e
− 11
6
)
. (9)
The result for the total cross section, integrated in the allowed kinematical limits is:
σtotal =
σ0
4
(
1− β
2
3
)(
ln
s
4m2e
− 11
6
)
. (10)
The ρ-meson contribution can be included through the following replacement:
σ0 → σ˜0 = αs
2
23π33β
∣∣∣∣∣ gωpiγ∗ |F ω1 (s)|s−M2ω + iMωΓω +
gρpiγ∗ |F ρ1 (s) + F ρ2 (s)|
s−M2ρ + iMρΓρ
eiφρ
∣∣∣∣∣
2
, (11)
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Figure 4: Angular distributions for different values of the cms energy. The data are from [6],
the line is a comparison with the model which applies at large angles.
where φρ ≈ 110◦ [4] is the relative phase of ρ-meson contribution.
The main ingredients of the model are contained in the vertices: the strong form factors,
in the vertex V NN and the coupling constants GV piγ∗ . Following [5] (assuming its validity in
the present range) F V1,2 (s) are parametrized as:
F V1 (s) = gV pp
Λ2V −M2V
Λ2V + s
, F V2 (s) = κV F
V
1 (s) , (12)
where the constant gV pp corresponds to the coupling of the vector meson V with protons. κV
plays the role of ’anomalous magnetic moment’ of proton with respect to the coupling with
the vector meson V . ΛV is an empirical cut-off.
The quantity GV piγ∗ is related to the vertex V (q) → π(qpi)γ∗(k) and it is in principle
momentum dependent. It can be calculated in the framework of Nambu-Jona-Lasinio model,
as illustrated in Fig. 2 (black, solid line). A phenomenological parametrization, based on
a monopole (dashed line) or dipole (dotted line) dependence on q2 is also illustrated. The
normalization gV piγ (0) can be derived from the radiative decay V → πγ. One finds gωpiγ = 1.8
(gρpiγ = 0.56) for ω(ρ) meson respectively.
The bidimensional plot of the cross section as a function of the CMS angle and energy of
the pion is shown in Fig. 3. The angular and energy dependences are fixed by the model. The
cross section is ploted in arbitrary units, due to the different possible choices for the vertex
description. No data exist on reaction (2), but the reaction p¯ + p → γ + π0 was measured
in the region 2.911 ≤ √s ≤ 3.686 by the Fermilab E760 Collaboration [6]. For the latter
reaction, few data exist on the cross section and the angular distributions. It is in principle
possible to modify the present model for γ production, and compare the calculation to large
angle data, where the present mechanism is expected to be dominant (Fig 4).
4
3 The ratio of kaon to pion pairs in p¯ + p annihilation
Let us discuss the interest of measuring the ratio of pp¯ annihilation into kaon and pion pairs
near the threshold region, where the S state dominates. The particular interest of these
processes is related to the availability of high energy antiproton beams at PANDA (FAIR), in
next future. The interesting kinematical region, the threshold region, can be reached in the
collision of a p¯ beam using the known mechanism of ’return to resonances’, where the excess
energy is carried by photon or jet emission.
The ratios:
Rs =
(pp¯)J=0 → KK¯
(pp¯)J=0 → π+π− , Rp =
(pp¯)J=1 → KK¯
(pp¯)J=1 → π+π− ,
contain useful information on the reaction mechanisms, and may give evidence for the prop-
erties of the vacuum excitations.
A charged pion pair is expected to be produced at threshold from a pp¯ triplet state, through
rearrangement of the constituent quarks (see Fig. 5a), whereas kaon production is forbidden
due to the absence of constituent strange quarks in the proton ground state. However a kaon
pair can be produced through a disconnected diagram (Fig. 5b) where any pair of particles
can be created from the excited vacuum. In this case, the singlet state, 1S0 can produce a pair
of current quarks, which, after interacting, become observable as mesons. The probability to
produce a uu¯ pair of current quarks is the same as for a ss¯ pair of current quarks due to the
structure of excited vacuum (EV). Therefore the expectations are that Rp ≪ Rs ≃ 1, that the
angular distribution of kaon production is isotropic, whereas pions would follow an angular
dependence driven by the dominant contribution of triplet state.
The matrix element of the process p¯p→ q¯q in singlet state, is proportional to u¯(p−)v(p+)
(where u, v are the spinors of the quark and antiquark, with four momentum p+, p−respectively):
|M(p¯p→ EV → q¯q)|2 ∼ Tr(pˆ+ −mq)(pˆ− +mq) = 8β2qM2, q = u, d, s, (13)
where βq =
√
1−m2q/E2q , mu = md = 280 MeV, ms = 400 MeV, and Eu = Es =M .
The yield of pion and kaon pair production should be corrected by the phase volume ratio
φpi/φK = βpi/βK . Finally
R =
f(K+K−)
f(π+π−)
=
1/2
3 + 1/2
βK
βpi
(
βs
βu
)2
= 0.108 (14)
to which we attribute an error of 5% related to the constituent quark masses. This quantity
may be compared to the experimental value R = 0.108 ± 0.007 [7]. The present estimate
is based on the statement that pion and kaon pairs are produced ’democratically’ from the
vacuum excitation, whereas kaon production is forbidden in singlet S state. In the kinematical
region accessible to PANDA (FAIR), in principle, the threshold region can be reached even
if the p¯ beam momentum is as high as 15 GeV, using the ’return to resonances’ mechanism,
where the excess energy is carried, for example, by a hard real or a virtual photon. Using
conservation laws and on-mass condition for a protonium (pp¯ bound state, B of momentum
P ):
p¯(p1) + p(p2) → γ(k) +B(P ), k2 = 0, P 2 = 4M2, p21 = p22 = M2;
p¯(p1) + p(p2) → γ∗(k) +B(P ), k2 = M2X ≫ 0 (15)
one obtains, for the case of real photon emission:
(p1 + p2 − k)2 = 4M2, ω = E −M
1 + (E/M)(1− β cos θ) , β =
√
1− M
2
E2
(16)
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Figure 5: (a) Feynman diagram for the reaction p¯+p→ π++π− through quark rearrangement;
(b) scheme for production of a pair of quarks through vacuum excitation.
where θ = ~̂k ~p+ and β are the photon emission angle and the antiproton velocity, and E is the
energy of the beam (the direction of the beam is taken as the z− axis).
4 Conclusions
We have given two examples of exclusive processes induced by antiproton beams in the GeV
range. The annihilation of p¯+ p→ e++ e−+π0 contains information on nucleon electromag-
netic form factors in the unphysical region. The mechanism of production through s-channel
exchange of a vector meson is especially important at large angles and should be studied as
a physical background, which contains information on meson nucleon interaction and meson
decays.
The ratio of kaon pair to pion pair production at threshold contains information on the
reaction mechanism, and could give evidence for excitation of the physical vacuum. It is
shown that a good agreement with existing data on the ratio of the yields of charged kaon
to pion pairs is obtained taking into account not only quark rearrangement in the incident
hadrons, but also vacuum excitations.
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